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ABSTRACT

A theoretical study of 3-(4-Chlorophenyl)-1,1-dimethylurea and its protonated isomers has
been carried out, to emphasize the experimental results of the electrostatic interactions in the
herbicide models, for investigating the implications taking place on the structural parameters
starting from the gaseous phase to the agueous one. It has been found that its functionalized
structure gives us three protonated targets. The calculations has been performed on both
neutral and protonated forms using Density Functional Theory (DFT) with the hybrid
functional B3LYP. Many molecular parameters have been studied. To identify the reactive
sites, our study has focused on the local and the global reactivity descriptors explaining the
chemical reactivity. The calculations have demonstrated that the attacks on the aliphatic
branched exocyclic positions are privileged to those of the aromatic ring. Studying the solvent
effect has reveded that there is a change in the hierarchy of the electrophilicity. Various
vibrational modes have been exploited to discuss the literary spectroscopic data.

Key words. DFT; Monuron; Proton affinity; Global and loca reactivity descriptors;
Solvation.
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1. INTRODUCTION

Pesticides are well known by their benefits in the agricultural field, but the exaggerated use of
them has several damages on the soil and the aquatic ecosystems [1-9]. Among these
chemicals, the Monuron (CgH11CIN20O), (Figure 1), belongs to the phenyl-urea’s class, which
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isa kind of urea, in which one of the nitrogen’s is substituted by a p-chlorophenyl group,
while the other is substituted by two methyl groups. It plays the role of axenobiotic herbicide.
The Monuron molecule is considered as a nonselective herbicide that inhibits the
photosynthesis. It was introduced in 1952, and has been used for controlling grasses and
weeds, in the industrial sites and the drainage ditch banks[10]. It has been used at lower
application rates, in the agricultura areas in some countries, as a post-emergence herbicide.

Besides its pollution effects;, Monuron are classified as a persistent (The half-
life of Monuron, in a soil field, ranges from less than 30 days to 166 days). In soil, Monuron
is primarily biotransformed into metabolites. Monuron has a moderate mobility in most of
soils [11-13]. Although the biodegradation process is slow, the degradation is most likely to
occur inwater. Monuron is not a volatile substance, and it is not affected by hydrolysis.
However, aloss has been observed, due to the photolysis in the surface layers of water, only a
small amount has been absorbed by its target, where the maor part has entered the ground,
water, or ar [14]. For these agronomic and environmental aims, it is important to have
information on this organic complex that takes place in the contact with the ground. As its
action depends largely on the quantity of the moving water, and on the retention time in the
soil; it isinteresting to determine it in an agueous solution. In the present work, diverse paths
of Monuron protonation have been studied using Density Functional Theory (DFT). We have
realized a geometrical optimization, a simulation of the attack on the exocyclic chain of
Monuron different atoms, a determination of the reactive sites, an analysis and allocation of

the normal modes of vibration, and the effect of solvation.

2. MATERIALSAND METHODS

The neutral and protonated Monuron study has undergone significant development for its
applications in various chemica problems [15-18]. First, we’ve made a calculation of
geometry optimization using DFT/6-311++G(d,p) chemistry model with the Gaussianl6
software [19-22] without a specific parameterization of symmetry [23]. From the output file,
the chemical properties, dipole moments as well as the frontier molecular orbitals HOMO and
LUMO [23] have been consulted. The local minima has been verified by a frequency anaysis
of each optimized structure using the same model to obtain the zero point vibrational energy
(ZPVE), reported and compared with the experimenta literature values. No imaginary
frequencies have been detected confirming that the stationary point corresponds to a
minimum of the potential energy surface (PES). The global and the local reactivity parameters

have been determined in order to characterize the reactive sites of the molecule. The IR
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spectrum has allowed us to determine the preponderant absorption vibrational bands along
with their frequencies. The shift between the theoretical and the experimental spectroscopic
values is rationalized by a scale factor. The agorithm that deals with this kind of error is
employed in Gaussianl6. Consequently, to correct the vibrational anharmonicities, the
vibrational frequencies have been scaled by a factor of 0.879 [24, 25]. All the geometries of
the calculated electronic structures have been built and viewed using the graphical interface
GaussView6.0. The effect of the solvent environment has been taken into account utilizing
the CPCM solvation model [26, 27] with € = 78.5 for water measured at 298.15 °K and 1 atm.

3. RESULTSAND DISCUSSION

A. Structure

The Monuron has been optimized using DFT/6-311++G(d,p) model chemistry within
the gas phase. This last structure has been re-optimized without any symmetry constraints
employing the CPCM model taking into account the effect of solvent environment. The
optimized structure of Monuron is depicted in figure 1, the predicted geometrical
parameters as well as the experimental data determined from RX experiment (values in

parentheses) [28] are reported in table 1.

Fig.1. The optimized Structure of Monuron 3-(4-chlorophenyl)-1,1-dimethylurea



R. Masmoudi et al. J Fundam Appl <ci. 2020, 12(2), 538-562 541
Table 1. Calculated and experimental structural parameters of Monuron
Bond distances ( A) Valence angles(°) Dihedral angles( ©)
C3cC2 1.39344 C2C3C4 119.45827 c4c3cacl 0.96892
(1.39387) 119.28970 (0.85940)
C3C4 1.39527 c3czC1 120.95632 C4C3C2H2 -178.82919
(1.39523) (120.83909) (-179.10146)
C3H1 1.08451 C4C3 H1 120.23602 H1C3C2C1 -179.73927
(1.08443) (120.57035) (-179.77749)
c2C1 1.40491 H1C3C2 120.30190 H1C3C2H2 0.46262
(1.40519) (120.13685) (0.26165)
C2H2 1.08652 C3C2H2 119.55104 C2C3C4C5 -0.69980
(1.08597) (119.48836) (-0.66842)
C1C6 1.40313 Cl1C2H2 119.49233 C2C3C4cCl1 179.38072
(1.40339) (119.67254) (179.45143)
C1N1 1.41546 C2C1C6 118.74870 H1C3C4C5 -179.99208
(1.41459) (118.95513) (179.97129)
C6C5 1.39593 C2C1N1 117.90135 H1C3C4Cl1 0.08843
(1.39642) (117.86947) (0.09115)
C6 H4 1.08385 C6 C1N1 123.33498 C3C2C1C6 -0.38275
(1.08382) (123.15045) (-0.24033)
C5C4 1.39379 C1C6C5 120.47707 C3C2C1N1 178.25685
(1.39353) (120.43275) (178.00075)
C5H3 1.08464 C1C6H4 120.03267 H2C2C1C6 179.41547
(1.08449) (120.35949) (179.72046)
C4Cl1 1.74918 C5C6 H4 119.48638 H2C2C1N1 -1.94493
(1.76579) (119.20492) (-2.03846)
N1C7 1.40608 C4 C5H3 120.08450 N1C1C6C5 -179.03883
(1.39955) (120.46598) (-178.72429)
C7 N2 1.37495 C3C4C5 120.45264 N1C1C6 H4 0.24064
(1.36354) (120.81688) (0.65709)
C701 1.23052 C3C4CL1 119.74149 C2C1N1H5 -41.26473
(1.24241) (119.56420) (-38.51949)
N2 C8 1.45974 C5C4CL1 119.80582 C2C1N1C7 173.74430
(1.46120) (119.61881) (172.21862)
N2 C9 1.46073 C1N1H5 114.03583 C6 CLN1H5 137.30767
(1.46324) (114.54021) (139.64223)
C8 H6 1.08917 C1IN1C7 128.59380 C6C1N1C7 -7.68331
(1.08918) (128.72379) (-9.61966)
C8 H7 1.09884 H5 N1 C7 109.02036 ClC6C5C4 0.74370
(1.09779) (110.49811) (0.77233)
C8H8 1.09465 N1C7 N2 117.21465 C1C6C5H3 179.80994
(1.09338) (117.75378) (179.95942)
C9H9 1.08803 N1C701 119.66341 C6C5C4C3 -0.14922
(1.08823) (119.34281) (-0.14169)
C9H10 1.09620 N2 C7 01 123.11077 C6C5C4CL1 | 179.77021
(1.09535) (122.88704 (179.73839
COH11 1.09811 C7N2C8 117.07443 H3C5C4C3 -179.21477
(1.09571) (118.16351) (-179.32386)
C7N2C9 123.59934 H3C5C4CL1 | 0.70467
(124.12397) (0.55622
C8N2C9 115.23026 C1N1C7N2 -46.69854
(115.41920) (-46.11152)
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H6 C8 H7 108.32926 C1N1C701 134.47904
(108.78517) (135.31756)
H6 C8 H8 109.76020 H5 N1 C7 N2 166.86207
(109.38753) (163.64890)
H7 C8 H8 108.74540 H5N1C7 01 -11.96035
(108.69728) (-14.92202)
N2 C9H9 110.82591 N1C7N2C8 175.54137
(110.68803) (173.01193)
N2 C9 H10 111.00407 N1 C7N2C9 -28.34545
(111.20751) (-25.00787)
N2 COH11 109.56785 C7N2C9H9 8.23565)
(108.90047) (-0.95793)
C7N2C9 H10 129.14985
(120.47484)
C7N2C9 H11 -111.20330
(-119.97682)
C8N2 C9H9 164.74614
(161.46720)
C8N2C9H10 | -74.33965
(-77.10003)
C8N2C9H11 | 45.30719
(42.44831)
CION2C8 H6 170.62605
(165.54771)
CON2 C8H7 -69.45531
(-73.86144)
CO9N2C8HS8 50.54558
(45.88072)

The differences between the values are interpreted by very fact that the experimental data
reported above were recorded in solid state, while the calculations are performed on an
isolated molecule. within the solid state, the molecule adapts a
conformation characterized by a torsion angle of -41.26° around the N1-Clbinding, and
the molecule isn’t planar, this only can be accounted for an intermolecular hydrogen
bonding [29]. The calculated values of dihedral angles (except for the latter case) reveals
that the molecular structure features aplanar conformation with a partial electron
delocalization between the substituted phenyl group and the dimethyl-urea of the
molecule: their values converge tol80° or 0°, this former planar enforces the
delocalization of electrons between these two systems. The benzene ring C=C bonds are
equivalent at a length of 1.40 A. The values of the N1 involving angles, CIN1C7,
C6C1IN1, C2CIN1 respectively 128.59°, 117.90, 123.33°close to 120°, as well as the
Partial electron delocalization proves the Sp® nature of the atom. The analysis of both
valence and torsion angles formed by N2 and the three surrounding atoms. C7, C8, C9

shows that the latter system features atriangular form. In addition to that, a remarkable
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decrease in the length of both C=0 bond (from 1.254 to 1.245 A) and C1-N1 (from 1,411
to 1,326 A) is also shown as a hybridization identity (Sp?) for the atom N1 and N2. The
similar behavior in the two atom systems, with a slight difference, is created by the
rotation. With reference tothe N1 atom, this rotation gives the impression that the
molecule is separated into two parts: on one side, there'sthe phenyl, and on the
other one, there's a relocation action resulting in. The angles bond lengths, obtained at the
B3LY P/6-311G++(d,p) level, are in well agreement with the results obtained in the literature
[28-36]. A frequency analysis of the optimized geometries verifies that the stationary points
correspond to the minimum of the potential energy surface. In al cases, the frequencies
values have been positive and no imaginary frequency has been obtained.

B. Chargesand dipole moment

In order to locate the most likely protonation site(s) on the studied compound, an evaluation
of the electron density on each atom of Monuron has been carried out. The obtained Mulliken
charges are reported in table 2 (values in parentheses are for agueous solution). Indeed, the
determination of negative charge on each atom will help in the prediction of the most reactive

sites toward the electrophilic medium.

Table 2. Values of the charges determined by DFT calculations

> Neutral Monuron

qr(N)

Cl |-0223 (-0269) |C9 |-0383 (-0381) |H4 0165 (0.176)

C2 |-0844 (-0.763) |N1 |-0373 (-0.364) |H5 |0.377 (0.388)

C3 |-0102 (-0090) |N2 |-0229 (-0207) |H6 |0.191 (0.179)

C4 |-0179 (-0209) |Ol1 |-0477 (-0585 |H7 |0169 (0.180)

C5 |-0073 (-0081) |Cl1 |0222 (0.189) |H8 | 0156 (0.173)

C6 |0576 (0512 H1 |0.141 (0157) |H9 | 0169 (0.174)

C7 | 0444 (0.495) H2 | 0123 (0.143) |HI0 | 0176 (0.188)

C8 |-0339 (-0349) |H3 |0147  (0.166) |H11l |0.165 (0.176)

» charge(+1)

q.(N)
C1 -0.533 (-0.516) C9 -0.333(-0.359) H4 0.163(0.182)
C2 -0.777 (-0.770) N1 -0.217(-0.192) H5 0.398(0.423)
C3 -0.068 (-0.014) N2 -0.169(-0.116) H6 0.202(0.186)
C4 -0.185  (-0.147) 01 -0.343(-0.466) H7 0.203(0.204)
C5 -0.043  (-0.075) Cl1 | 0.466(0.387) H8 0.173(0.183)
C6 0.876 (0.833) H1 0.189(0.191) H9 0.160(0.174)
C7 0.423 (0.482) H2 0.149(0.175) H10 | 0.198(0.205)
C8 -0.325 (-0.362) H3 0.197(0.202) H11 | 0.194(0.190)
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» charge(-1)

qk(N)
Cl | 0.324(-0.543) C9 | 0.282(-0.387) H4 | 0.086 (0.153)
C2 | -0.256(-0.257) N1 | -0.480(-0.462) H5 | 0.377(0.373)
C3 | -0.308(-0.539) N2 | -0.352(-0.166) H6 | 0.129(0.176)
C4 |0107 (0.371) |O1 |-0.531(-0.625) H7 | -0.111(0.173)
C5 | -0.372(-1.010) Cl'1 | 0.096 (0.013) H8 | -0.335(0.168)
C6 | 0.010 (0.597) H1 | 0.073(0.106) H9 | 0.002(0.171)
C7 | 0.280(0.472) H2 | -0.003 (0.106) H10 | -0.070 (0.183)
C8 | 0.415 (-0.336) H3 | -0.038(0.097) H11 | -0.324(0.166)

The positive charge on the hydrogen atom of the NH group indicates a high tendency to form
a hydrogen bond with a high electronic density center. The negative charge on the nitrogen
and oxygen atoms specifies their potentials for interacting with electrophilic species. For that
reason, our interest is oriented towards studying these sites. From these results, it is obvious
that the urea is the more reactive part of the molecule, assembling three different reactive
sites. With regard to the dipole moment p, the calculated values, in gaseous phase and
aqueous phases, are respectively 2.51 and 3.54 Debye. The structural study has alowed us to
show the geometric properties of Monuron and the assignment of protonation. The multi-
basic structure reveals that the privileged protonation sites are three for Monuron. Therefore,
three position isomers have been determined indicating the protonation on the exocyclic part
of the molecule. The active sites of protonation O1, N1, and N2 are indicated by arrows for

the examination of an electrophilic attack (figure 2).

Prot N1 Prot O1

rg
/Prﬂt M2

&

Fig.2. Structure of Monuron and active sites of protonation
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According to table 3, it can be noticed th e geometry of the pesticide is almost not affected by
protonation. Instead, it gives rise to hydrogen bond formation with O1, N1, and N2, respectively 0.967
A and 1.016 A.

Table 3. Calculated and experimental parameters of neutral and protonated Monuron

Monuron

Protonated isomers

Monuron N1 o1 N2

C7N1 1.3522 1.3341 1.39188 1.3516

N1H9 2.9093 2.7117 2.5322 3.7270

N1H9 2.9093 2.7117 2.5322 3.7270

O1H8 3.5229 3.7008 3.9248 2.91616

O1H10 3.7746 3.7008 4.2420 2.94916

O1H ///////% ///////////////% 0.96721 %////%

N2 H / / / / 1.01630

N1H // / 1.01630 /

N2 C7 01 122.357 130.96935 115.33184 97.6222

N2 CO9H9 109.464 109.65384 109.72670 109.69065

N1H501 25.194 44.1220 109.94873 63.8252

HN2C8 %/ % % 109.75521

H N2 C9 % % % 172.23554

N1H9C9 70.121 108.78465 100.3730 71.4094

HN1C6C1 %////////////% 20.49327

-26.6848

C2C1IN1HS -47.342
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O1C7N2C9 | -159.795 0.22842 -92.30185 -56.4054
H5 01 C7 N2 178.017 20.9359 131.1167 110.8396
N1H9CION2 | -55.235p 6.4017 17.8924 55.2133

HN1H501 / % 111.7740 // /

HN2C9H10 %/ %///////////////// -67.8027

H N2 C9 HlO %/ -67.8027

HOLC7N1 | - 69.5418

HOL1C7N2 | . -151.7409 L

The calculations, made at the same level of theory, putting under consideration the effect of
solvent environment has showed that this factor has no effect on the overall geometry of the
studied molecules.
C. Energiesand proton affinity
Initially, the energies have been determined in the gas phase for the neutral compound and for
the three protonated forms, then, by introducing water as a solvent (values in parentheses), the
effect of solvent has been taken into account by a single point calculation on optimized gas
phase structure using the PCM (polarizable continuum Model)model [27]. The results are
presented in table 4.

Table 4. Calculated energies at the B3LY P/6-311++G (d,p) level of theory in u.a

parameters: E 7 Monuron Ez PROTN;
31G++ (d.p)
-994.354240 1994.894124 -094.871247 1994.878521
(au) (-094.365878) | (-994.906386 ) | (-994.879327 ) | (-994.891109)
coalimo)) | 23957286 | 624296063 | 624281707 | 624286272
(kcal/mol) (-623964.5884 ) | (-624303.757 ) | (-624286.778 ) | (-624294.171 )

The obtained results allow us to characterize the most potential protonation energetically
preferred site. As we observe in the above results, the protonation path “PROTN1” of the
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urea, in terms of energy, is the most suitable site for protonation. From a theoretical
perspective, the Born-Oppenheimer approximation gives a lower energy than the rea energy
of the system, because of the relativistic consideration consisting that the nuclear movements
are neglected. Therefore, a consideration of the zero point energy term must be taken into
account. Thus, the proton affinity (PA) is corrected by the following relationship:

PA (M) = [E (M)-E (MH™)] + [ZPE (M)-ZPE (MH™)]
Whereas (M) represents the neutral form, (MH™) represents the protonated form.

Table 5. Proton affinity of neutral and protonated Monuron for 6-311G++ (d, p)

ZPE (a.u) PA (Kcal/maol)
Monuron 0.190965 (0.190757) - -
ProtN,; 0.198545 (0.197209) 334.02076 (335.12014)
ProtO, 0.199744 (0.199196) 318.91307 (316.893775)
ProtN, 0.197990 (0.197288) 324.57814 (325.48425)

The obtained results in the table 5 shows that the protonation, at the level of the N1 atom, is
more favorable than on O and N2 with an energy gap of 15.11 and 9.43Kcal/mol respectively
by introducing the system energy absolute zero (ZPE). Taking into account the effect of
solvent, the previous gap increases to 18.3 and 9.64 Kcal/mol. In the two conditions, the
values’ hierarchy of PA is respected in the protonated forms:

PA (prot (N1)) >PA (prot (O)) >PA (prot (N2))
D. Charges and dipole moment of protonated Monuron
The previously calculated values of point charges can be further exploited. For the
explanation of the regioselectivity reaction, it can be done by the calculation of point charges,
which has been performed to evaluate the electron density of the studied compound, and will
let us confirm the sites of protonation for the studied compound. The results are shown in
table 6.
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Table 6. Values of the charges determined by DFT calculations
Monuron Monuron protonated

q.(N) Neutral Ny o, Ny
q Hs 0.377(0.388) 0.302 (0.334) | 0.334 (0.363) | 0.331(0.360)
q N -0.373(-0.364) | -0.487(-0.500) | -0.251(-0.290) | -0.173(-0.244)
q N, -0.229 (-0.207) | -0.162(-0.100) | -0.022(-0.207) | -0.358(-0.398)
q 0y -0.477 (-0.585) | -0.452 (-0.457) | -0.460 (-0.445) | -0.359 (-0.416)
qC; 0.444 (0.495) [0.301 (0.142)| -0.288(-0.077) [0.238 (0.292)

j_o.s&m (0.348) | 0.374 (0.400) | 0.311 (0.316)

Mulliken charges on the three exo-cyclic sites of protonation, qualified protonation sites,
comprised in the range of [-0.07, - 0.5] in agueous medium. From these results, the
protonation would occur preferentially at the level of part urea and more particularly on the
N1 atom. Asfar asit concerns the dipole moment |, the values calculated in gaseous phase

and agueous phase are presented in table 7.

Table 7. Values of the dipole moments

H(Debye) Monuron ProtNy Prot0, ProtN,
DFT/ 2.513012 5.751480 3.093578 1.903265
B3LYP6.31G++(d,p) | (3.542955) (6.145991) (5.817873) (3.048268)

The obtained values show an increase in the dipole moment for the solvated form, which can

be trandlated in a predisposition for binding to strongly polar site.

E. Frontier orbitals

The HOMO-LUMO energy gap, also known as hardness, is a significant indication of
stability. Indeed, a large energy gap indicates a high stability of the molecule in a chemical
reaction. In a comparison of the frontier orbitals energies of the three conjugate acid’s isomers
(table 8) shows that the energies of the occupied orbital frontier (HOMO) are respectively -
0.206, -0.159, -0.215 and -0.216, -0.160, -0.232 in the gaseous and solvated phases leading to

the conclusion that the protonated compounds are more stable than the neutral ones.
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Table 8. Energies of frontier orbitalsin u.a

Monuron Monuron protonated

Neutre Protiy Prot0, ProtiNg

HOMO -0.23146 -0.20616 -0.15966 -0.21552
(-0.22992) (-0.21586) | (-0.16028) | (-0.23175)

LUMO -0.03652 -0.02072 -0.02298 -0.04006
(-0.03281) (-0.02640) | (-0.02592) | (-0.04585)

AE 0.19494 0.18544 0.13668 0.17546

(0.19711) (0.18946) (0.13436) (0.1859)

In the following figures, we have depicted the graphical representation of the frontier

molecular orbitals within the gaseous and agueous phases.

HOMO lIsolated

HOM O Solvated

LUMO Solvated

Fig. 3.Schematic representation of the frontier orbitals for Monuron

5 ¥ "»l, e L2

HOMO ProtN, isolated

LUMO ProtN; isolated
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ey

HOMO ProtNsolvated LUMO ProtN; solvated

HOMO ProtN; isolated LUMO ProtN, isolated

3 ,..
4 "_:t : 1#

HOMO ProtN, solvated LUMO ProtNs solvated

Fig.4. Schematic representation of the frontier orbitals for Protonated Monuron
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The qualitative analyzing of the compounds HOM O orbitals shows that dimethyl -urea present
a strong contribution among fragments, while the two LUMO orbitals are similar in the gas
and agueous phases. From a quantitative perspective, the difference in energy between the
two frontier orbitals is less important in the protonated form of the pesticide; this means that
the neutral form is more stable. A further analysis of the results shows that the solvation leads
to similar results with a comparable increase in the gap between the frontier orbitals in the
neutral and prot(N1) formsin the order of 0.3eV. The prot(O1) form has known a decrease of
0.2eV, which trandates its relative instability. The obtained values emphasis the early ones as
it concerns the Global indices reflecting the chemical reactivity of the studied systems.

F. Global and L ocal Reactivity Descriptors

In order to study the reactivity of Monuron, we focalize ourselves to the determination of
global indices. Indeed, the global reactivity descriptors, derived from the conceptua Density
Functional Theory, enable us to make connections with the general behavior of a molecule.
The electronic affinity (EA) and the ionization potential (1P) are calculated with the two next
formulas: EA = E(N-1) - E(N), IP = E(N) - E(N+1) where E(N) is the total ground state
energy in the neutral, N electrons form, E(N-1) and E(N+1) represent the deficient (N-1) and
exceeded (N+1) electron configurations, respectively. The parameters are the electronic
chemical potentia (y), the electronegativity (x), hardness () and the globa eectrophilicity

index (e), which can be determined using the following equations [37-42]:

u = —1/2 (IP - EA)
= —n
n= (IP- EA)
u:
w = —
2n

Each of these parameters has its own meaning, for example, the electronic chemical potential
can be trandated to the escaping tendency of an electron [15]. The hardness n is directly
proportional to the polarizability of the system [43,44]. The global e ectrophilicity index w is

an essential identifier of the molecule class; high and low values illustrate respectively the
presence of good el ectrophiles and nucleophiles [44]. The obtained results are inserted in the
table 10. The global reactivity descriptors in the agueous phase has been similarly obtained at
the B3LY P/6-311++G(d,p) leve of theory.
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Table 9. Global reactivity descriptors of Monuron at the B3LY P/6-311G++(d,p) level of theory in the gas phase and aqueous phase.

. Eneutral EN-1 EN+1 IP EA u A Wo S Nu

The obtained results are in good agreement with the literature [45]. However, the latter parameters are global and do not show the distribution of

the chemical reactivity on each specific site, it is primordia then, to move on to more detailed descriptors of local reactivity, this can be
functionalized with Fukui indices, which exploit the electron density of each atom of the molecular system in different states (neutral, cation and
anion) to calculate the Fukui indices, referred by f,*, fi~, f,°, allowing the most favorable sites to accept or lose the electronic density. In a
molecule with N electrons, the Fukui functions for electrophilic, nucleophilic and free radical were proposed by Yang and Mortier [46] and has
been expressed mathematically through the following equations:

fi" = [ak (N + 1) — ae(N)].
fi = [ak(N) — qx(N - 1)].

€= 21N = 1) - (N + 1)

Whereas gk(N), ak(N+1),qx(N-1) are respectively the charge distribution of the atom k in the neutral, anionic and cationic molecule. Larger
values of Fukui indices mean responsiveness of the site toward symmetry controlled reactions [47]. It is essential to revea that the Fukui
function values, obtained from various population schemes, may provide negative values. The determination of the various parameters, in the
two phases, has led us to the valuesin the following tables and figure 4.
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Table 10. Local reactivity descriptors of Monuron at the B3LYP/6-311G++ (d,p) level of theory in the gas phase.
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The values of wy- obtained for N1, N2 and O1 are respectively0,185, 0,098 and 0,128 confirming that the most favorable site for an e ectrophilic

attack isthe N1 holding the Chloro-phenyl group. In regards to nucleophilic attack, it seems that the most qualified sites are C5 and C3 by 1.00,

0.48 respectively for wy+. The same approach was conducted for the study in an agueous medium. The results are gathered in table 11.

-0,223
-0,844
-0,102
-0,179
-0,073

0,576

0,444
-0,339
-0,383
-0,373

-0,229

Table 11. Local reactivity descriptors of Monuron at the B3LY P/6-311G++(d,p) level of theory in the aqueous phase.
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Fig.5. Fukui functions /aqueous phase.

0,6

0,4

0,2

- - r— ———
H4 H5 H6 H7 H8 H9 H10 H11
-0,2
-0,4

-0,6

-0,8

.J‘;=QN,_Q.\--| .fa_zqﬂ-:_qn.} mf°

Fig.6. Fukui functions /Gas phase

The solvation leads to the same conclusion that an electrophilic attack will be the subject of
the nitrogen N1 part of the urea on Monuron, however a nucleophilic attack is now targeting

another electrophilic site on the molecule which is carbon labelled C6 with w + of 1.1, that is

the hierarchy of electrophilicity is changed to: N+ (C8) = 0.1274 > N+ (C9) = 0.1124
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In order to accomplish a spectroscopic comparative study, a frequency analysis was applied

to each of the optimized structures of the neutral, protonated forms of the in both gaseous and

agueous phases (values in parenthesis), to verify that the stationary points correspond to the

minimum of the potential energy surface. In al cases, the frequency values were positive and

no imaginary frequency was obtained. Thus, the following preponderant vibrational

frequencies were located: strong stretching vibrations of the carbonyl bond at 1701cm™
(1648cm™), stretching N-H vibrations at 3578cm *(3564cm™) while N-C-N symmetric

stretching vibrations were observed at 1021cm™*(1023cm™).For phenyl-urea compounds, the

results are in agreement with those obtained in the literature[48].
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Fig.7. IR spectra of the neutral and protonated isomers of Monuron in gaseous and aqueous phases

The spectroscopic study of Monuron shows us the absorption bands in gaseous and agueous

phases: 437cm™* (432cm™) band is characterizing the absorption of benzene ring cycle; 1599cm™
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(1595cm ™) correspond to the absorption of the C=C bonds for different isomers, 3100cm™ and
3057cm™ (3104cm™ and 3068cm™) determine the absorption of the C-H for the two methyl
groups; 3578cm™* (3564cm ™) and 1701cm™ (1648 cm™) correspond to the absorptions of the N-H
and the C=0 bonds respectively. It may be noted that the appearance of the absorption bands with
the frequencies 3449cm™ , 3246cm ™ and 3206cm ™ which means respectively the O-H bond for
the protonated at the site of the carbonyl, the N-H bond for the protonated on N1 and N2. In
agueous solution, it has a displacement of absorption bands. For Monuron and its three protonated
forms, the results show a shift of absorption bands. Indeed, in the case of the different forms
protonated on O, N1 and N2, we get respectively 1818cm™ for C=0, 3463cm™ for N-H, 3264cm™
and 3289cm™ for NH*, 3549 cm™ for the binding OH*.

4. CONCLUSION

The theoretical study has been conducted using DFT/6-311++G(d,p). The model chemistry has
contributed in verifying the stability of the two conjugate acid forms of Monuron through a
comparative energetic based analysis. It has been aso demonstrated that protonation does not affect
the overall geometry. However, these cal culations have shown that the energies of formation of all
mono-protonated compounds are very close and concluded that protonation on the nitrogen N1 is
the most favorable. Despite of the carbonyl oxygen protonation path, the Frontier orbital analysis
has shown that the protonation products present larger energy gap and more stability. The analysis
of the chemical reactivity of Monuron in the gas and the agueous phases, through the global and the
local reactivity descriptors IP, EA, Y, n, 0, N, indicates that the electrophilic attack is targeting the
most nucleophilic site: N1 nitrogen of the urea. The deviations in vibrational frequencies for the

neutral and the protonated forms are used to discuss the experimental results.
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